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A DFT-based theoretical investigation is reported here to clarify the mechanism of action of a recently
synthesized Ir(i) complex, Ir-B(OH),, characterized by the presence of an aryl boronic acid moiety on
one bidentate ligand that can detect H,O, in cancer cells. The H,O,-mediated oxidation of boronic acids
under physiological conditions affords the active complex for PDT application, Ir-OH, and a quinone
methide (QM) as a by-product, which in turn can scavenge glutathione (GSH) compromising one of the
most powerful cellular defence against the ROS produced by PDT treatments. The most plausible reaction
mechanism for the oxidation of the aryl boronic acid by H,O is described. The formation of the products,
namely the PS Ir-OH and the QM, is achieved overcoming an energy barrier of 33 kcal mol™ and with a
considerable energy gain. The description of the subsequent GSH scavenging mechanism by the released
QM evidences that the reaction occurs with a low energy expense. Moreover, the computation of the
photophysical properties, needed for evaluating the occurrence of type | and type Il processes, of the
prodrug Ir-B(OH), and the active PS Ir-OH suggests that they are both able to generate the singlet mole-
cular oxygen, *O,, while other ROS cannot be achieved. Moreover, the MOs involved in the excited states
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Introduction

Photodynamic therapy (PDT) is a clinical non-invasive method-
ology for the treatment of certain diseases including cancer.">
It is based on the injection of a photosensitizer (PS) into the
body; diffusion of the PS; and activation of the PS with specific
electromagnetic waves, which belong to the therapeutic
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files in water describing GSH alkylation by the QM computed at the B3LYP/6-
31G** level of theory; intrinsic reaction coordinate calculation of TS” in the
forward direction leading to product formation; benchmark of exchange and cor-
relation functional and basis set on the maximum absorption wavelength in
water for Ir-OH and discussion; TDDFT outcomes for Ir-B(OH), and Ir-OH; com-
puted UV-Vis spectra; lowest triplet state excitation energies for the investigated
Ir(ur) complexes; NTOs of bright and triplet states computed for Ir-B(OH);
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free energy profiles describing the H,0,-mediated oxidation of aryl boronic acid
and GSH scavenging by the QM, as well as those of the Ir(ur) complexes whose
photophysical properties have been described. See DOI: https://doi.org/10.1039/
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population, both singlet and triplet, unravel the key role of the metal centre in the ISC process.

window (600-850 nm): they are absorbed by the PS and
promote electronic transitions from the ground state (S,) of
the PS to excited ones (S,,); the excited states produced tran-
sition, through non-radiative intersystem crossing (ISC), to
triplet excited states (T,), which are characterized by a longer
life time. The triplet excited states are then deactivated accord-
ing to two different mechanisms in presence of molecular
oxygen and are responsible for cytotoxic species generation.
The so-called type I process produces reactive oxygen species
(ROS) by electron or hydrogen transfer, while the type II reaction
generates singlet oxygen ('0,) by energy transfer. ROS and 'O,
induce oxidative stress and apoptosis in cells destroying dis-
eased tissues.’™ The great advantage of PDT is the time and
space control of drug activation. In fact, a good PS has to be
non-toxic in the dark and activated only upon irradiation with
light. This reduces the side effects, limiting the range of action
to diseased and surrounding tissues. Nevertheless, several
efforts have been devoted to enhance the therapeutic efficiency
by designing PSs that accumulate selectively in a specific cell
organelle. Mitochondria represent one of the most desired
targets as they play a pivotal role in a variety of cellular pro-
cesses, such as cell death regulation and redox signalling.®’
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Moreover, cancer cells exhibit various alterations to mitochon-
drial functions which can be exploited to target cancer cells for
a selective therapeutic response.®’

In recent years, the development of multi-action antitumor
compounds oriented toward different biological targets or
based on synergistically combined antitumor effects has taken
hold. Transition metal complexes, especially of Ru>", Ir**, Pt**,
Pt*, Rh®" and Os®', are promising PSs for this purpose,
thanks to their photostability, biocompatibility, high absorp-
tion within the therapeutic window, high triplet state quantum
yield, and high quantum yield of '0, and the possibility to
bind target agents for increasing the selectivity."*° In
addition, the presence of the metal centre promotes spin-orbit
coupling (SOC) and in turn an efficient ISC, giving access to
multiple long-lived excited states, inaccessible to organic
chromophores. Among the metal-containing PSs, cyclometa-
lated Ir(m) complexes occupy a prominent place since they
possess a series of advantageous properties for biological
applications.”" Different organelle-targeted Ir(m) complexes
have been synthesized and proposed as PSs in PDT under nor-
moxic and hypoxic conditions, such as complexes containing
cationic triphenyl phosphines or a triphenylsulfonium salt
that target mitochondria®*** or others that localize in lyso-
somes.>* Nevertheless, whatever the target, the generated ROS
with the PDT treatment could be neutralized by the defence
mechanisms present in cancer cells, which are already under
oxidative stress associated with oncogenic transformation and
alteration in metabolic activity.>>>® Under these conditions,
cells are able to adapt to survive owing to the redox buffering
system and various antioxidant enzymes. The glutathione
system (GSSG/2GSH) is the most abundant redox couple in
maintaining cellular redox balance;* therefore, the presence
of GSH in cancer cells can reduce the effect of PDT.***!
Among the ROS present in a high level in cancer cells, in con-
trast to the healthy ones, hydrogen peroxide (H,O,) is one of
the most abundant and could be utilized as a target agent.*?
For instance, aryl boronic acids and their esters are used as
H,0,-responsive moieties owing to the ease of synthesis and
good biocompatibility as the products of the reaction show no
cytotoxicity and the reaction with H,O, is highly selective.**°
These prodrugs are designed to release quinone methide (QM)
as a by-product,*****”*® which was reported to rapidly alkylate
GSH, leaving cells defenceless from ROS,*®*° thus allowing an
enhancement of PDT efficacy.
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Scheme 1 Structures of complexes Ir-B(OH), and Ir-OH.
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Liao et al.*’” reported the rational design of a mitochondria-
targeting iridium-based prodrug for two-photon PDT. The PS
is composed of a cyclometalated Ir(IlI) complex, named IrB
(OH), (Scheme 1), with a ligand bearing a moiety that, thanks
to the presence of a boronic acid on one extremity, can release
the QM upon reaction with H,0,. They found that in the pres-
ence of H,0, the equally PDT-active complex, named Ir-OH, is
formed and that the concomitant QM release amplifies its
PDT action.

Despite several works reporting the H,O,-mediated oxi-
dation of boronic acids under physiological conditions,*®***!
only some propose a detailed reaction mechanism for the
attack of H,O, on such systems. The aim of the present work
is two-fold. On the one hand, we have searched for the most
plausible reaction mechanism for the oxidation of the aryl
boronic acid moiety, the H,O,-responsive part of the prodrug
Ir-B(OH),,%” that allows the release of the GSH scavenger QM
and the PS Ir-OH. On the other hand, the photophysical pro-
perties of both the prodrug and the generated PS Ir-OH, upon
H,0,-mediated oxidation, have been explored for unravelling
the key characteristics for PDT application.

In addition, as underlined by the authors, the whole action
of the Ir-B(OH), prodrug should include the QM scavenging
action against GSH. They have investigated the release and the
ability to reduce GSH depending on the concentration of the
drug, observing that the levels of GSH are reduced by about
20% by Ir-B(OH), in the dark at a concentration of 2 pM.*”
Therefore, as the QM would add extra action to the prodrug,
the energies involved for its GSH scavenging action have been
determined. Density functional theory and its time-dependent
formulation (TD-DFT) have been used for this purpose.

Results and discussion
Reaction mechanism for oxidation of boronic acid by H,0,

The mechanism of action of Ir-B(OH), starts with the reaction
of the boronic acid group, present on one extremity of the
complex, with H,0,.>” The detailed reaction mechanism for
H,0,-mediated oxidation of boronic acids in physiological con-
ditions is still debated.’**>*" Some studies report the H,O,-
triggered oxidation of boronic acid hypothesizing the primary
deprotonation of H,O, to yield HOO™ anion, which is, thus,
the species appointed for the nucleophilic addition to the

+ B(OH),

QM
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boron atom.*®*® For exploring the reaction mechanism of the
H,0,-triggered oxidation of boronic acid present on one extre-
mity of the Ir-B(OH), complex, the neutral H,0, molecule and
the anion HOO™ have been, then, considered along with the
sole portion of the complex that effectively takes part in the
reaction with H,0,, that is the aryl boronic acid. At the end of
the whole process, the QM and the active PS Ir-OH complex
are released.

To properly simulate the physiological environment, all the
calculations have been carried out in implicit water medium.
In addition, six explicit water molecules have been included
for better simulating the microsolvation around the key
portion of the system and to assist the whole process. Indeed,
some water molecules directly participate in the reaction while
others simply stabilize the system by establishing a network of
hydrogen bonds.

Fig. 1 shows the free energy profiles for the whole reaction
when the two species are independently involved in the
process, named neutral (blue line) and anion (red line) path-
ways if H,O, or HOO™ are involved in the reaction. All the rela-
tive energies have been calculated with respect to the first
adduct generated by the primary interaction between the aryl
boronic acid (4-(phenoxymethyl)phenyl)boronic acid) and
hydrogen peroxide, neutral (ADD1) or anion (ADD2), properly
surrounded by a critical number of water molecules. Fig. 2
shows the optimized structures of the transition states (TSs)
sketched in Fig. 1, while all the minima are reported in Fig. S1
of the ESL{ In such representations, only the atoms directly
involved and water molecules taking part in each step of the
reaction mechanism are drawn in a ball and stick representa-
tion and individually labelled, while all the other atoms are
represented in lines.

Along the neutral pathway, Fig. 1a, once the initial reactant
interaction in ADD1 has occurred, the process starts with the
H,0, nucleophile attacking the boron atom, which is realized
by overcoming an energy barrier of 33.3 kecal mol™ (TS1). In
the located TS, a hydrogen atom transfer from O1 to O2
occurs, as evidenced by the associated imaginary vibrational
frequency. In the formed hydroperoxide intermediate, INT1,
the boron atom returns into a trigonal arrangement and a
water molecule is released. The intercepted stationary point
lies 2.7 kecal mol™ below the reference adduct, resulting in a
weakly exergonic process. At this point, a water molecule, here
considered as the one released in the first step, attacks the
boron atom in the second part of the reaction to afford the
tetrahedral intermediate, INT2, which is formed with an
energy expense of 7.3 kcal mol™'. The formation of the new
bond B-02 is endergonic (by 4.9 kcal mol ™). However, overall,
the tetrahedral intermediate formation, occurring in the two
steps just described, is approximately thermo-neutral with
respect to the first adduct (2.2 kcal mol™). Looking at the
mechanism found for the attack of the anion species on the
boron atom (Fig. 1b), it can be seen that the tetrahedral inter-
mediate formation, with the restoring of the B-O1 bond
(Fig. 2b), occurs in one step with a considerably less energy
expense (9.3 kcal mol™) for the reaction to take place. The

3688 | /norg. Chem. Front., 2023, 10, 3686-3698

View Article Online

Inorganic Chemistry Frontiers

product of TS7, INT6, is accomplished with a slight energy
gain (1.2 kecal mol™).

The third step of the neutral pathway provides a hydrogen
atom transfer from O2 to O3. The imaginary frequency found
in the associated TS3 indicates a typical Grotthuss mecha-
nism:*? a very fast proton transfer from a water molecule to
another, by the cooperative formation and breaking of hydro-
gen bonds that connect the same water molecules. In this way,
two water molecules are involved in the transfer of a proton
from O2 to O3 as can be seen in the optimized structure of
TS3. For such a step to occur, 11.2 kecal mol ™" is required. The
formation of INT3 is endergonic by about 8 kcal mol™. The
subsequent step 4 is realized through TS4 with an energy
expense of 10.2 kcal mol™. The imaginary frequency associ-
ated with this TS evidences the insertion of O1 into the B-C1
bond and the simultaneous breaking of the 01-0O6 bond along
with the elimination of a water molecule. Such a concerted
movement affords the formation of intermediate INT4, which
is highly stabilized with respect to the transition state leading
to it. This energy gain is probably due to the restoring of the
boron atom hybridization in a trigonal arrangement thanks to
the formation of the B-O1 bond and to the presence of three
oxygen atoms around the boron atom that transfer more
charge density to the electron-deficient centre with respect to
the old configuration, INT3, where the boron atom is bonded
to two oxygen atoms and a carbon atom. Again, the anion
pathway differs in the number of steps required for the trigo-
nal structure restoration because it occurs in a single step
where the insertion of oxygen O1 into the B-C1 bond requires
only 9 kcal mol™ (TS8) to be realized. The formed intermedi-
ate INT7 presents the great stabilization already observed
along the neutral pathway.

From here, the reaction proceeds with the release of
B(OH);. While along the neutral pathway such a release occurs
in one step, in the anion process it is a two-step mechanism.
Following the former pathway, from INT4, in which the water
molecule eliminated in the previous step is already prone to
approach the boron atom, the nuclophile attack is realized
through the TS5, which entails the loss of the boron trigonal
geometry for the B-O6 bond to be formed. The computed ima-
ginary frequency indicates the transfer of a proton from 06 to
01 and the simultaneous breaking of the B-O1 bond, with the
definitive elimination of boric acid (B(OH)3). Such an attack
requires 23.9 kcal mol™ to take place and the formed inter-
mediate INTS5 is stabilized by about 8.0 kcal mol™" with respect
to the preceding minimum, owing to the restored trigonal geo-
metry around the boron atom in the elimination of boric acid.
Along the anion pathway, the HO™ attack on the boron atom
and the release of B(OH); occur according to a stepwise
mechanism. However, the attack of a charged species (HO™)
on the boron atom, realized through TS9, costs much less
energy, similarly to what has been observed in the primary
attack of HOO™ on the boron atom (TS7). Indeed, the overcom-
ing of low energy barriers (3.0 and 13.3 kcal mol ™" for the two
steps, respectively) is accomplished to afford first the tetra-
hedral intermediate INT8 and then the final INT9.

This journal is © the Partner Organisations 2023
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Fig. 1 Free energy profiles in water describing (a) H,O,- and (b) HOO™-mediated oxidation of aryl boronic acid to release QM. A sketch of the inter-

cepted TSs are also reported.

The last step serves to form the QM and release the PS.
Again, in the two explored mechanisms, different interactions
favour QM formation. Along the neutral pathway, a network of
H-bonds assists the transfer of the proton from O1 to O7. The
proton transfer is realized with the same Grotthuss mecha-
nism seen in TS3: in this case (TS6), three water molecules are

This journal is © the Partner Organisations 2023

involved, connected by a network of H-bonds. The anion
pathway, instead, involves just the reactant water molecule for
the proton transfer from water oxygen O3 to O7. This process
requires 19.9 kcal mol™ and 15.3 kcal mol™" to be realized
along the neutral and anion pathways, respectively. It entails
the loss of aromaticity of the ring in favour of double bond for-
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Fig. 2 Optimized structures of TSs located along the free energy
profiles reported in Fig. 1 for (a) H,O, and (b) HOO™ attacks, respectively.

mation between O1 and C1 and between C2 and C3. Thus, on
the basis of the model used for the calculations, QM formation
is accompanied by phenol release, which, in the real model,
corresponds to the active PS Ir-OH. This final step is endergo-
nic in both cases, the final product being destabilized by 4.5
and 12.9 kcal mol™" compared to the starting adduct of this
step, INT5 and INT9 for neutral and anion pathways, respect-
ively. However, despite the endergonicity of a few steps along
the intercepted pathways, the overall release of the GSH sca-
venger QM and the PS Ir-OH is powerfully favoured from a
thermodynamic point view and entails an energy gain of
around 80.0 kcal mol™" following both the pathways. The ener-
gies involved in the two explored pathways are, instead, signifi-
cantly different from a kinetic point of view. Indeed, while the
first step, which corresponds to the hydroperoxide attack on
the boron atom, requires the highest amount of energy (acti-
vation energy of 33.3 kcal mol™") along the neutral pathway,
the rate-determining step (RDS) of the whole oxidation reac-
tion within the anion process is represented by the cleavage of
the C2-0O7 bond in favour of QM release. However, all the
steps occur easily if HOO™ is the reactant species of H,0,.

Moreover, it is worth noting that, in the biological environ-
ment, the tunnelling effect, in the reaction steps involving
H-transfer, can further facilitate the whole reaction. As such a
transfer is involved in the RDS of both the reaction mecha-
nisms investigated here, it has been estimated and it has been
found that it could enhance the reaction rate up to one order
of magnitude.
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Mechanism of GSH scavenging by QM

As soft electrophiles, quinones are particularly susceptible to
GSH conjugation reactions, and usually, the reaction is so easy
that enzymatic catalysts (such as glutathione S-transferase) are
not needed. This attribute has been exploited by Liao et al.*”
for the synergistic anticancer effects from sequential actions of
GSH-scavenging QM and photo-induced ROS generating Ir-OH
complex, whose properties will be discussed in the next
section. All the effects are mediated by the action of H,O,
present in excess in cancer cells, which are essential for yield-
ing the active species, as described above.

In order to provide a complete description of the H,O,-trig-
gered anticancer action, the inhibition of antioxidant GSH
exerted by the QM released after PS generation has been
explored at the same level of theory described above, including
the microsolvation environment provided by six water mole-
cules. At physiological pH, GSH exists in its zwitterionic form
at the glutamyl residue, the side-chain of the cysteine bears a
neutral thiol (SH) unit and the carboxyl group of glycine is
deprotonated. As the main part of the reductant involved in
the process is represented by the SH extremity, the glutamyl
residue has been removed, as previously considered.*?

The GSH reaction with quinone rings usually occurs via a
Michael addition forming the corresponding
hydroquinones.**** In the case of the QM here examined, the
reaction should entail the H transfer from the SH group of
GSH to the carbonyl oxygen atom of the QM and the concomi-
tant alkylation of glutathione by forming a phenol-SG adduct.
To the best of our knowledge, no detailed information about
the energetics of the process is available. Preliminary calcu-
lations with a leaner protocol (Fig. S2f) evidenced that the
reaction occurs in a concerted manner according to which the
S-C2 bond formation is realized at the same time as the H
transfer to the O1 atom of the QM to afford the phenol-SG
adduct. The intervention of an increasing number of water
molecules has been considered to detect the most probable
reaction mechanism. The outcomes of such exploration evi-
denced that at least three water molecules are required to
assist the H transfer from GSH to the QM. In Scheme 2, the
found reaction mechanism has been depicted.

In Fig. 3, instead, the free energy profile obtained by apply-
ing the same protocol used for the previous calculations has
been shown, which describes both oxygen and sulphur atoms

H H
b S
£V T H—( TH
,H 7 U \ O
H
07 \ HO,

SG
phenol-SG adduct

Scheme 2 Reaction mechanism for H-transfer from GSH to the QM
and concomitant GSH alkylation to afford phenol-SG adduct formation.
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Fig. 3 Free energy profiles in water describing the GSH alkylation with the QM. The optimized structures for each stationary point are also

provided.

by adding a diffuse function on their basis set. The relative
energies have been calculated with respect to the initial reac-
tant adduct that includes the QM, GSH and six water mole-
cules. At first glance it can be noted that, differently from pre-
liminary calculations, the reaction occurs according to a
pseudo two-step mechanism, according to which the first part
provides the formation of an unstable intermediate (labelled
INT) that rapidly evolves to the final product in the second
step. However, comparing the outcomes reported in Fig. S27
and Fig. 3, it can be seen that the energies involved are essen-
tially the same, from both kinetic and thermodynamic points
of view.

In all the located stationary points before product for-
mation, some water molecules serve as a proton shuttle from
GSH to the QM, as they establish a network of H-bonds
between the hydrogen of the SH group and the carbonyl
oxygen O1 of the QM. In the first transition state TS’ the ima-
ginary frequency is associated only with the C-S bond stretch-
ing (/184 cm™), indicating that the C2-S bond is formed
before a complete H transfer, although a slight elongation of
the S-H bond can be previously observed in the TS'.

Indeed, the S-H bond from 1.353 A in the reactant adduct
increases to 1.379 A in TS’ and 1.409 A in the resulted INT. INT
is, thus, characterized by tetrahedralization of the C2 atom
and the shortening of the S-C2 distance, which from 2.175 in
the TS’ becomes 1.941 A in INT. The energy barrier to be over-
come for S-C2 bond formation is found to be 12.7 kcal mol™
and the resulted INT is stabilized by only 0.6 kcal mol™" than
the transition state leading to it. In the second transition state
TS", an elongation of the C=0 bond and a further shortening
of the S-C2 distance (1.912 A) can be observed. The computed
imaginary frequency (i435 cm™") clearly reveals the H transfer
from S to the vicinal water molecule oxygen and the S-H dis-
tance becomes 1.527 A. The inspection of IRC calculation
shows that the H transfer to the nearest oxygen is followed by

This journal is © the Partner Organisations 2023

the transfer to the oxygen atoms in subsequent water mole-
cules up to the carbonyl O2 to afford the final product (see
Fig. S31). Such a TS lies only 0.2 kcal mol™* above the energy
of the minimum proceeding it.

Thus, it can be argued that the second step is effectively
barrierless and that the whole reaction occurs overcoming the
first energy barrier of 12.7 kcal mol™". The formation of the
phenol-SG adduct is accomplished with an energy gain of
14.0 keal mol ™. Thus, the whole reaction being exergonic, the
GSH scavenging by the QM is favoured from both kinetic and
thermodynamic points of view. Furthermore, the energetics
found is consistent with the evidence that the electrophilic
QM rapidly reacts with nucleophilic GSH,***”
the PDT efficacy.

On the basis of these findings, the limited reduction of
GSH level (less than 20%) can be ascribed to the imbalance
between the complex and GSH concentrations.?” As is known,
GSH is present in mM concentration within cells; hence a con-
centration of 2 pM of the complex could limit its action as a
GSH scavenger.

thus enhancing

Absorption spectra of Ir(u) complexes

The computational evaluation of the photophysical properties
is somewhat difficult with cost-effective protocols. However,
TD-DFT represents a good balance between accuracy and com-
putational cost*® and it has been provided that hybrid func-
tionals are able to properly locate and characterize the absorp-
tion bands. However, to describe the photophysical features of
the complexes under examination as well as the main para-
meters for evaluating their photodynamic action, a preliminary
benchmark has been carried out on the maximum absorption
wavelength Ap,.x, for the effective PS Ir-OH, in order to select
the most suitable protocol (see Table S1} and related discus-
sion). From our exploration the hybrid PBEO emerged as the
best choice. A further benchmarking on the size of the used
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basis sets (Table S21) has evidenced that the 6-311G(d,p) basis
set is the most suitable in reproducing such a parameter. PBEQ
coupled with the 6-311G(d,p) basis set has been, thus, used for
all the TD-DFT simulations, including triplet states’ energy
and spin-orbit matrix elements. The absorption spectra have
been computed in the implicit water solvent in order to mimic
as best as possible the phosphate buffered saline (PBS) experi-
mental medium.?” The outcomes, namely excitation energies,
absorption wavelengths, oscillator strength and molecular
orbital contribution to each transition, have been listed in
Table S3,1 along with the character assignment to each elec-
tronic transition on the basis of the analysis of the natural
transition orbitals (NTOs). The simulated spectra, shown in
Fig. S4,T confirm the presence of a main absorption band in
the 250-600 nm region for both the investigated complexes. It
is centred at around 270 nm and presents a shoulder at
approximately 430 nm, in good agreement with the experi-
mental evidence.’” However, some singlet states present a
different characteristic, e.g. the excited state with the highest
oscillator strength (around 260 nm) evidently showing a contri-
bution of IL,CT together with the ML,CT: in this case the only
ligand involved in the CT is that named L, in Scheme 1.
Although the lowest-frequency transition mainly originates
from an electron promotion from the HOMO to the LUMO, the
other transitions mostly start from inner orbitals (e.g. H-7,
H-9) and end at outer ones (e.g. L+2, L+5). In addition, differ-
ently from the generation of the first excited singlet state that
is almost a pure H — L transition, the other excited states orig-
inate even by an equal contribution of a few electronic tran-
sitions (see e.g. the excited state at around 290 nm in
Table S2t). No significant differences, perhaps a few nano-
metres on a few transitions, have been found for the two com-
plexes, the prodrug Ir-B(OH), and the active PS Ir-OH. The very
similar behavior evidences the maintenance of the photo-
physical properties of the iridium complex upon B-C bond
cleavage.

Photodynamic processes

Once the complex is excited and then a singlet excited state
populated, the photodynamic action requires other processes
to be triggered: (i) the ISC radiationless transition from a
singlet state, usually the bright one, to a long-lived triplet state
with lower energy; and (ii) the subsequent deactivation of the
triplet state following type I or type II photoreactions, both of
which lead to ROS formation. The former process involves the
generation of radical ions and free radicals, together with the
generation of the superoxide anion O, ", whose fast bimolecu-
lar decay leads to the production of other highly oxidizing and
reactive species (such as hydroperoxyl radicals HO,") able to
react with several biomolecules irreversibly degrading them.
The type 1II reactions, instead, entail the transfer of the triplet
state energy to molecular oxygen to produce one of the most
harmful ROS, the cytotoxic agent 'O,. The occurring of the
first part of the photodynamic action, that is the triplet state
population by ISC, can be evaluated by taking into consider-
ation Fermi’s golden rule for the ISC rate of deactivation chan-
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nels of the bright S; state, according to which the kinetics
mainly depend on spin-orbit matrix elements and the energy
splitting between the coupled state:

(1)

kisc o<
AE‘S1 —Ty,

(1)
where Hgo is the spin-orbit Hamiltonian, AEg _r,_is the $;-T,
energy gap; <¥s, |Hso|¥r,> is the spin-orbit matrix element
between the initial (S;) and the final (T,, with n = 1-5) wave-
function. These parameters have been determined for both
the studied complexes Ir-B(OH), and Ir-OH®’ and are listed
in Table 1, where SOCs have been calculated according to
eqn (2) defined in the computational details section. The
complexes present a series of five triplet states with suitable
energies to couple with the singlet bright one (see
Table S47). The computed SOCs evidence that all the radia-
tionless transitions starting from S; could be in principle
very fast, as more than 100 cm™" have been obtained for
almost all the possible deactivation channels. The high coup-
lings found can be rationalized looking at the different
nature of the coupled states, determined on the basis of the
NTOs shown in Fig. 4 and Fig. S5t for Ir-OH and Ir-B(OH),,
respectively, along with the evident participation of the metal
in most of the involved NTOs of each state, both singlet and
triplet ones.

The triplet states lying below, though originating from
more than one transition (see Table S47), can be considered
essentially of the type ILCT. The triplet states T, and T, are
mainly centred on the L; ligand and are thus labelled as
IL,CT; although T; and Ts are centred on the two ppy ligands
(ILCT), respectively, in T, a charge transfer from a ppy ligand
to the L; occurs (LL;CT). Looking at all the NTOs reported, a
participation of the metal in the charge density of holes and,
to some extent, also of particles can be observed. Indeed, ana-
lysing the composition of the molecular orbitals constituting
the NTO plots, there is a participation of the metal in most of
them, thus, a contribution of MLCT is present in all the triplet
states. Therefore, there are five deactivation channels than
could be in principle followed for a triplet state population.
However, considering the other parameter that contributes to
the ISC efficiency, the singlet-triplet energy splitting, some
singlet state deactivation channels could be less favourable
than others; see e.g. the energy gap between S; and T, that is

Table 1 Spin—orbit matrix elements (SOC, cm™) and energy splitting
(AE, eV) between singlet S; and triplet T, excited states computed for
the investigated Ir(1) complexes

Ir-B(OH)Z Ir-OH
Channel SOC AE SOC AE
Si - T, 170.2 0.27 180.2 0.27
S, =T, 694.7 0.23 691.3 0.23
S, - T; 1061.6 0.09 1062.6 0.09
S, > T, 114.6 0.03 119.6 0.03
S, - T; 66.4 0.02 46.7 0.02
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Fig. 4 NTOs of bright and triplet states computed for Ir-OH. Green and light blue colors stand for gained and lost electron density, respectively.

NTO plots are generated using Chemissian software v4.67.>

one order of magnitude greater than that for S;-T,.
Combining the two parameters on which ISC depends, the
coupling between S; and T; should be the most probable one
and it is promoted by a high SOC value and occurs between
states separated by a relatively small gap (0.09 eV).

For type II reactions to occur, once a triplet state is popu-
lated, it is essential that it has enough energy to promote the
excitation of molecular oxygen in order to produce the cyto-
toxic agent for PDT, that is singlet oxygen.

The triplet-singlet energy gap of O, has been previously
determined employing different combination of functionals
and basis sets,”? in particular at the PBE0/SDD/6-31+G**
level an energy splitting of 0.93 eV has been computed in good
agreement with the experimental value of 0.98 eV. Thus, the
triplet of the Ir(m) complex involved in the energy transfer to
molecular oxygen should lie at least 0.93 eV above its ground
state. Also considering the occurrence of an internal conver-
sion from the T; state to populate the low-lying triplet state,
T, both the prodrug Ir-B(OH), and the active PS Ir-OH can
promote molecular oxygen excitation according to type II
photoreactions, as T; state lies at 2.59 eV. However, once the
triplet state is populated also type I pathways can be triggered
that ultimately lead to O, production. In such processes, the
PS in the triplet state can directly interact with molecular
oxygen to transfer an electron or be involved in autoionization
reactions, according to which the reduction of the triplet state
is operated by the PS in its ground (pathway a) or triplet state
(pathway b), before the interaction with molecular oxygen.

The autoionization reactions can be schematized as
follows, in which the PS in the ground state is generally indi-
cated as [Ir]":

a3t 4 (]t — [t 4 [

b. 3] + 3]t — []*T + [1n]

To establish the occurrence of these processes, vertical elec-
tron affinity (VEA) and ionization potential (VIP) of the PS in
its ground and triplet excited states have been determined for
both the complexes and are summarized in Table 2, together
with the VEA of molecular oxygen computed at the same level

This journal is © the Partner Organisations 2023

Table 2 VEA and VIP values (eV) computed in water for 0, and Ir(in)
complexes, Ir-B(OH), and Ir-OH, in their ground and triplet excited
states

3[1 r]+

1]

VEA VIP VEA VIP
Ir-B(OH), -2.74 5.80 -5.36 3.17
Ir-OH —2.74 5.80 —5.37 3.17

“VEA O, = —2.33 eV computed at the PBE0/6-311G* level.

of theory. Data reported, again, evidence the same propensity
of the prodrug Ir-B(OH), and the active PS Ir-OH to lose and
gain electrons. According to pathway a, the PS in the triplet
state transfers an electron to a neighbouring molecule of PS in
the ground state, thus the sum of the ground state VIP and
triplet state VEA should be less than zero. For pathway b to
occur, instead, as the electron transfer occurs between two
neighbouring molecules of PS in the triplet state °[Ir], the
sum of VEA and VIP of triplet state should lead to the same
result. Accordingly, while autoionization reaction b can be
favourable, pathway a is not viable in both the complexes.

As stated above, the PS in the triplet state can transfer an
electron to the molecular oxygen directly affording O,™", or
transfer the electron only after triplet state reduction to the
species [Ir]" obtained following the autoionization reactions
just described. The two reactions can be summarized as:

¢ 3]t +20, — [T 4+ 0,07

d. [ + 30, — 1] + 0,

To establish whether the two complexes can directly trans-
fer an electron to 0,, the condition that the sum of oxygen
VEA and ’[Ir]" VIP is negative should be verified. Being VIPs
computed for the two complexes in the triplet state higher
than the absolute value of oxygen VEA, pathway c becomes
inaccessible to both the Ir(ur) complexes herein considered.
Similarly, for verifying the occurrence of pathway d, that
follows the [Ir]" formation according to the favourable pathway
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b, the sum of the oxygen VEA and VIP of [Ir] should be less
than zero. Even this process is not feasible; hence the Ir(m)
complexes here investigated cannot trigger type I photoreac-
tions but can act only as 'O, generators according to type II
reactions.

Conclusions

In this work, a DFT-based theoretical investigation has been
performed to clarify the mechanism of action of a recently syn-
thesized Ir(m) charged complex, Ir-B(OH),. The complex is
characterized by the presence of an aryl boronic acid moiety
on one of the three bidentate ligands, which can be exploited
to detect H,O, in cancer cells. The H,0,-mediated oxidation of
boronic acids under physiological conditions affords the active
complex for PDT application, Ir-OH, and QM as a by-product,
which in turn can scavenge GSH compromising one of the
most powerful cellular defence against the ROS produced by
PDT treatments. The most plausible reaction mechanism for
the oxidation of the aryl boronic acid by H,O, has been
explored by considering the intervention of both H,0, and
HOO™ species, and the H,0,-responsive part of the complex,
the aryl boronic acid. The reaction mechanism involving the
neutral species requires the intervention of at least two water
molecules that are directly involved in the process and extra
molecules that have to assist the steps involving proton trans-
fer. However, the action of anion species is easier to occur
requiring essentially only the involvement of the water mole-
cules needed as reactants. The energies put into play suggest
that a neutral reaction could occur overcoming an energy
barrier of 33 kcal mol™, which accounts for the H,O, nucleo-
phile attack to the boron atom (RDS). In contrast, the anion
attack is much favoured from a kinetic point of view and the
RDS (15.3 keal mol™) is represented by the final cleavage of
the C-O bond in favour of the product release. The formation
of the products, namely the PS Ir-OH and the QM, is achieved
with a considerable energy gain following both the pathways.
Though the products along the anion pathway are slightly less
stable, the kinetics is strongly in favour of HOO™ involvement
in the oxidation reaction. The description of the subsequent
GSH scavenging by the released QM evidences that the reac-
tion occurs with a low energy expense, 12.7 keal mol~" being
the energy barrier that has to be overcome for the phenol-SG
adduct formation. In addition, the exploration of the photo-
physical properties suggests that both the prodrug Ir-B(OH),
and the active PS Ir-OH are able to generate the most harmful
cytotoxic agent in PDT, 'O,, according to type II photoreac-
tions, while type I reactions are inaccessible to both the com-
plexes. Outcomes of such exploration unravel that the metal
centre takes part in the charge density of the molecular orbi-
tals characterizing the excited states and, accordingly, pro-
motes ISC needed to populate a triplet state, the PS’s state
deputed to the energy transfer to molecular oxygen.

These findings clearly show that the prodrug Ir-B(OH), can
exert synergistic anticancer effects in the presence of H,O,
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from sequential actions of the GSH-scavenger QM and ROS
generating Ir-OH and can stimulate the design of more and
more efficient Ir(ur)-based photosensitizers.

Computational details

All the quantum mechanical calculations, based on density
functional theory, have been performed using the Gaussian 16
package.>® To simulate the physiological environment, all the
calculations have been carried out within the water medium (e
= 78.4). Solvation effects have been included using the PCM
continuum model.>>>® The standard triplet { basis set 6-311G
(d,p) has been employed for all the atoms with the exception
of oxygen and sulphur atoms, for which a diffuse function has
been added, and the metal, which is described by the SDD
effective core potential®” and the corresponding valence basis
set. All the minima and transition states have been optimized
employing the hybrid functional B3LYP,’®*® and dispersive
interaction have been explained through Grimme’s empirical
correction (GD3).%*° To confirm the nature of all the optimized
structures, harmonic vibrational frequency calculations have
been performed, and zero and one imaginary frequency have
been checked for minima and transition states, respectively.
For each identified transition state (TS), intrinsic reaction coor-
dinate (IRC) calculations have been performed to properly
identify reagents and products of each reaction step.
Furthermore, these calculations, resulted by the inspection of
the transition states involving H-transfer, have been used to
estimate the tunnelling effect according to the approximate
Wigner formula.®" A tunnelling correction ranking from 4 to
12 has been obtained for such steps, similar to other
systems.®%~%¢

For an accurate description of the photophysical properties,
a preliminary benchmark study has been conducted on the
maximum absorption wavelength of the complex Ir-OH. For
this purpose, time dependent (TD-DFT) calculations on the
B3LYP-D3 optimized structure have been performed using
different exchange-correlation functionals: B3PW91,°” B97D,*®
CAM-B3LYP,*° LC-WHPBE,”® Mo06,”* M06L,”> M11,”> MN15,”*
PBEO,”> WB97XD,”® PBE,”””® MN15L,”° MN12L,*° N12,%' M08-
HX*? and TPSS.** The result of the benchmark study returns
the hybrid functionals MN15 and PBEO as the most suitable in
confirming one of the main properties for PDT application,
Amax- However, due to the need to use another software, ORCA
package,®® for computing other photophysical parameters
described below, PBEO is selected as it is the only available in
such software; thus, it is used for computing all the photo-
physical properties of the Ir(u) complexes under investigation.

To confirm the possibility of an intersystem spin crossing
between singlet and triplet excited states, spin-orbit matrix
elements have been computed using the SOC-TD-DFT
approach implemented in the ORCA package.®* Relativistic
corrections have been computed by the zeroth order regular
approximation (ZORA) on the ground state optimized geometry
eploying PBEO functional. ZORA-DEF2-SVP and SARC-ZORA-SVP
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basis sets for the main and metal atoms have been employed,
respectively. The spin-orbit coupling values (SOCs) have been,
thus calculated as previously reported, as the square root of
the square modulus of the matrix elements:*>"%”

R 2
SOCyy = \/ZKwsm [Aisolur, )| i =x..2
i

where Hso is the mean-field/effective potentials operator,
including one-electron terms with the RI-SOMF(1X) option
chosen to accelerate the SOC integrals calculation.®®

To establish the occurring of type 1 photodynamic pro-
cesses, vertical ionization potential (VIP) and vertical electron
affinity (VEA) have been computed for both ground and
excited triplet states of the two considered Ir(ur) complexes
using the same level of theory employed for the computation
of other photophysical properties.

(2)
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